Aims/hypothesis. We investigated the importance of the low affinity GLUT2 glucose transporter in the diabetogenic action of alloxan in bioengineered RINm5F insulin-producing cells with different expressions of the transporter. Methods. GLUT2 glucose transporter expressing RINm5F cells were generated through stable transfection of the rat GLUT2 cDNA under the control of the cytomegalovirus promoter in the pcDNA3 vector. Viability of the cells was determined using a microtitre plate-based 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) assay. Results. Cells expressing the GLUT2 transporter were susceptible to alloxan toxicity due to the uptake of alloxan by this specific glucose transporter isoform. The extent of the toxicity of alloxan was dependent upon the GLUT2 protein expression in the cells.
The diabetogenic agent alloxan [1, 2, 3, 4, 5, 6, 7, 8, 9] is a hydrophilic and chemically unstable pyrimidine derivative [10] which is toxic to pancreatic beta cells because it can generate toxic free oxygen radicals during redox cycling in the presence of reducing agents such as glutathione and cysteine [10, 11] . In contrast to alloxan, lipophilic derivatives such as butylalloxan [12] are not diabetogenic in animals [13] though they are also selectively toxic to pancreatic beta cells in vitro [14] . It has been suggested that alloxan has structural similarities with glucose which might enable this compound to mimic actions of the latter compound when interacting with protein structures in the beta cell which bind glucose [15] .
There are two structures in the beta cell which are essential for signal recognition in the process of glucose-induced insulin secretion and which are therefore also potential candidates for an interaction with alloxan. These are the low affinity glucose transporter GLUT2 and the low affinity glucose phosphorylating enzyme glucokinase. Inhibition of glucokinase through oxidation of essential SH groups of the enzyme is responsible for the selective inhibition of glucose-induced insulin secretion by alloxan [6] . However, inhibition of glucokinase is not responsible for alloxan-induced beta cell death and is thus not responsible for the development of diabetes in animals treated with this compound [6] . The selective toxicity could be related to the presence of the low affinity glucose transporter GLUT2 in the beta cell plasma membrane. This hypothesis is supported by the observation that the RINm5F rat insulinoma cell line, which does not express this glucose transporter, is resistant to alloxan toxicity [16] .
We therefore compared the toxicity of alloxan, using the MTT cytotoxicity assay, in control RINm5F insulin-producing tissue culture cells and in RINm5F cell clones overexpressing the GLUT2 glucose transporter. For comparison we included the lipophilic alloxan derivative butylalloxan which is also selectively beta-cell toxic but is apparently not dependent upon uptake by the low affinity GLUT2 glucose transporter subtype for entering the cell [12, 14] .
Materials and methods

Materials.
Alloxan monohydrate was obtained from Sigma (St. Louis, Mo., USA). Butylalloxan (N-butylalloxan) was synthesized as described previously [12] .
The cDNA coding for the rat GLUT2 glucose transporter and the anti-GLUT2 antibody were kindly provided by B. Thorens (Lausanne, Switzerland). The cDNA for human beta cell glucokinase was kindly provided by A. Permutt (St. Louis, Mo., USA). The glucokinase antibody was generated in rabbits in our laboratory against rat recombinant liver glucokinase [17] . Restriction enzymes were obtained from New England Biolabs (Beverly, Mass., USA), and the SP6/T7 transcription kit and the DIG nucleic acid detection kit from Roche (Mannheim, Germany). Immobilon-P polyvinylidene difluoride (PVDF) membranes were from Millipore (Bedford, Mass., USA). Peroxidase-labelled anti rabbit-IgG antibody and BCA assay reagent were from Sigma. Hybond N nylon membranes, the enhanced chemiluminescence (ECL) detection system, autoradiography films and 3-O-methyl[1-3 H]glucose were from Amersham (Braunschweig, Germany). Geneticin (G 418), lipofectamine and all other tissue culture equipment were from Invitrogen (Karlsruhe, Germany). Guanidine thiocyanate was from Fluka (Munich, Germany). All other reagents of analytical grade were from Merck (Darmstadt, Germany).
Tissue culture and viability tests. RINm5F insulin-producing tissue culture cells (passage 55-70) were cultured in RPMI 1640 medium, supplemented with 10 mmol/l glucose, 10% (v/v) foetal calf serum, penicillin and streptomycin in a humidified atmosphere at 37°C and 5% CO 2 [18] . Control and transfected RINm5F cells were seeded at a density of 2×10 4 cells per well in 100 µl culture medium in 96 well microplates, and incubated at 37°C with the test compounds. Both test compounds were dissolved in 10 mmol/l HCl immediately before the experiment and added to Hepes (20 mmol/l) supplemented KRB medium without glucose for 1 h. The pH of the buffer was not affected by this addition. The buffer was then removed and the cells were incubated for another 18 h in RPMI 1640 medium. After the incubation period, the viability of the cells was determined using a microtitre plate-based MTT assay [19] and expressed as a percentage of the untreated samples. Unless otherwise indicated experiments were done in Hepes (20 mmol/l) buffered Krebs-Ringer bicarbonate medium (pH 7.4) [20] .
Stable overexpression in RINm5F cells. GLUT2 glucose transporter expressing RINm5F cells were generated through stable transfection of the rat GLUT2 cDNA [21] under the control of the cytomegalovirus promoter in the pcDNA3 vector using lipofectamine as described [22] . Overexpression of glucokinase in RINm5F cells was done in an analogous manner resulting in a tenfold higher enzyme activity [23] . Transfected clones were selected through resistance against G418.
Northern blot analyses. RINm5F cells were homogenised in buffered 4 mol/l guanidine thiocyanate solution. Total RNA was isolated according to methods described previously [24] . A total of 10 µg RNA per lane were separated through electrophoresis on denaturing formamide-formaldehyde 1% agarose gels and transferred to nylon membranes. We hybridised RNA using digoxigenin(DIG)-labelled antisense cRNA probes coding for rat GLUT2 glucose transporter [21] . The DIG-labelled hybrids were detected by an enzyme-linked immunoassay followed by chemiluminescence. The intensity of the bands was quantified through computer-based densitometry with the GelPro 3.1 software (Media Cybernetics, Silver Spring, Md., USA).
Western blot analyses. RINm5F cells were homogenised in Krebs-Ringer buffer by sonication on ice (60 W, three bursts of 10 s). Microsomal protein was prepared according to a previous study [25] . Protein was quantified by a bicinchoninic acid (BCA) assay with bovine albumin as standard. A total of 30 µg RINm5F cell protein or microsomal protein were fractionated by reducing 10% sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis and electroblotted to PVDF membranes. The membranes were stained by Ponceau to verify the transfer of comparable amounts of cellular protein. Non-specific binding sites of the membranes were blocked overnight by non-fat dry milk at 4°C. Thereafter the blots were incubated with specific primary antibody against rat GLUT2 glucose transporter, at a dilution of 1: 10 000 overnight at 4°C, followed by a 2-h incubation period with peroxidase-labelled secondary antibody at a dilution of 1:15 000 at room temperature. The protein bands were visualised by chemiluminescence using the ECL detection system. The intensity of the bands was also quantified densitometrically.
Glucose transport. RINm5F cells were plated at a density of 3.5×10 5 cells/35 mm on plastic dishes and grown to confluency within 2 days. Cells were washed twice with Dulbecco's phosphate buffered saline and thereafter incubated twice for 15 min each at 37°C with Krebs-Ringer buffer. Cells were then incubated in the absence of glucose for 5 or 60 min with alloxan or butylalloxan. Thereafter, uptake measurements were carried out in the same medium supplemented with 10 mmol/l 3-O-methyl[1-3 H]glucose (6 µCi/ml) for 10 to 60 s and stopped by an excess of ice-cold medium containing 100 mmol/l glucose thereby preventing efflux of 3-O-methyl[1-3 H]glucose. Cells were washed five times with this medi-um before lysis with 1 ml 0.5% sodium dodecyl sulphate. The radioactivity of the lysate was quantified by liquid scintillation counting and results were related to DNA content. Glucose transport of RINm5F cells was quantified as described previously [17] . DNA content of RINm5F cells was determined according to methods described previously [26] . The expression of the GLUT2 glucose transporter protein in the transfected RINm5F cells resulted in an up to 1.7-fold higher 3-OMG uptake compared with non-transfected control cells.
Statistical analyses. Data are expressed as means ± SEM. Statistical analyses were done using one-way ANOVA followed by Dunnett's test for multiple comparisons. EC 50 values were calculated from non-linear regression analyses using one phase experimental association algorithm of the Prism analysis program (Graphpad, San Diego, Calif., USA). A p value of less than 0.05 was considered significant.
Results
Alloxan toxicity. RINm5F insulin-producing tissue culture cells which do not express the low affinity GLUT2 glucose transporter [18] were resistant to the toxic effect of alloxan (Fig. 1, Table 1 ). Even at 20 mmol/l alloxan, the highest concentration tested, no decrease in the viability of the cells was recorded (Fig. 1) .
The GLUT2 glucose transporter expressing clones GLUT2-A and GLUT2-B and in comparison a glucokinase overexpressing clone and non-transfected RINm5F control cells were exposed to serial concentrations of the test compounds as used in the concentration dependencies shown in Fig. 1 . Viability of the cells was determined by the MTT assay. Data are means ± SEM with the numbers of experiments given in parentheses. The EC 50 values were calculated by non-linear regression analyses.
After transfection of the RINm5F cells with the GLUT2 glucose transporter, both clones (A and B) expressing this glucose transporter were sensitive to the toxic action of alloxan as shown by the concentration-dependent loss of cell viability in the MTT assay (Fig. 1) .
The half maximally effective concentration (EC 50 ) of alloxan, at which 50% of the cells died, was 9.1 mmol/l in the GLUT2-A clone and 8.6 mmol/l in the GLUT2-B clone (Table 1) . In both clones, the expression of the GLUT2 glucose transporter was similar to that in rat liver [18] .
A further analysis of the relation between the level of GLUT2 glucose transporter protein expression and the toxicity of alloxan in the MTT assay with five clones (A-E) with different levels of GLUT2 glucose transporter expression showed that there was a correlation (r=0.91) between the two parameters as evident from the decrease of the EC 50 values for alloxan toxicity along with the increase of the GLUT2 glucose transporter protein expression (Table 2) .
In contrast, the clone overexpressing glucokinase [18] was no more susceptible to alloxan toxicity than the control cells (Table 1) .
Butylalloxan toxicity. Control RINm5F cells were sensitive to the toxic effect of the lipophilic alloxan derivative butylalloxan (Fig. 2, Table 1 ).
After transfection of the RINm5F cells, both clones (A and B) expressing the GLUT2 glucose transporter were more sensitive to the toxic action of butylalloxan as shown by the concentration-dependent loss of cell viability in the MTT assay (Fig. 2) . The half maximally effective concentration (EC 50 ) of butylalloxan was 2.3 mmol/l in the GLUT2-A clone and 2.6 mmol/l in the GLUT2-B clone (Table 1) .
There was again a significant correlation (r=0.90) between the EC 50 values for butylalloxan and GLUT2 glucose transporter expression level in the five clones (A-E) ( Table 2) .
Again, as in the case of alloxan, the clone overexpressing glucokinase was not more sensitive towards butylalloxan control RINm5F cells (Table 1) .
Glucose protection. Glucose provided a concentrationdependent protection against the toxicity of alloxan (15 mmol/l) in RINm5F cells overexpressing the GLUT2 glucose transporter (Fig. 3) . The concentration of glucose for half maximal protection (EC 50 ) Glucose provided protection also against the toxicity of butylalloxan (5 or 3 mmol/l). This protection was evident in RINm5F control cells and in the GLUT2 glucose transporter expressing RINm5F cells. The concentrations of glucose for half maximal protection (EC 50 ) against butylalloxan toxicity were 0.4±0.1 mmol/l (n=4) in the control cells and 0.3±0.1 mmol/l (n=7) in the GLUT2-A clone.
Glucose transport. Alloxan at a concentration of 15 mmol/l did not affect the uptake of 3-O-methyl[1-3 H]glucose (10 mmol/l) in control RINm5F cells (Fig. 4) or in cells overexpressing glucokinase.
In cells expressing the GLUT2 glucose transporter, however, the uptake of 3-O-methyl[1-3 H] glucose was inhibited after incubation with 15 mmol/l alloxan for 60 min (A-clone, Fig. 5 ; B-clone, curve not shown). The reduction of the uptake rate was calculated to be 47.2±4.1% (n=4) in the A clone and 36.6±6.4% (n=4) in the B clone. When the 3-O-methyl[1-3 H]glucose (10 mmol/l) uptake experiments were done only 5 min after alloxan was added to the cells, the reduction of the uptake rate was 10.2±3.4% (n=4) in the case of the (Fig. 5) . Butylalloxan (5 mmol/l), 60 min after the cells were added, also inhibited glucose transport. However, inhibition was evident both in the RINm5F control cells (Fig. 6 ) and in the GLUT2 glucose transporter expressing RINm5F cells (Fig. 7) , as shown by a reduction of 3-O-methyl[1-3 H]glucose (10 mmol/l) uptake of 47.8±4.2% (n=4) in the control cells and 56.5±2.7% (n=4) in the A clone of the GLUT2 glucose transporter expressing RINm5F cells.
When the 3-O-methyl[1-3 H]glucose (10 mmol/l) uptake experiments were done only 5 min after butylalloxan was added to the cells, the reduction of the uptake rate was 16.3±2.7% (n=4) in the control cells and 19.8±3.5% (n=4) in the A clone of the GLUT2 glucose transporter expressing RINm5F cells. Glucose (25 mmol/l) protected against the inhibitory effect of butylalloxan upon 3-O-methyl[1-3 H]glucose (10 mmol/l) uptake in GLUT2 glucose transporter expressing RINm5F cells (Fig. 7) but not in RINm5F control cells (Fig. 6 ).
Discussion
To elucidate the mechanism underlying the selective beta-cell toxic action of the diabetogen alloxan, we adopted a combined approach comprising the engineering of insulin-producing cells with different expression levels of the GLUT2 glucose transporter and the use of butylalloxan, a lipophilic derivative of alloxan. Butylalloxan was especially synthesized as a tool, as this alloxan derivative is not dependent on the low affinity GLUT2 glucose transporter for entering the cell.
Our results, together with previous observations, explain the mechanism of the beta-cell toxic and diabetogenic action of alloxan as follows:(i) (i) The toxic action of alloxan requires uptake into the cell. (ii) Alloxan is a diabetogenic compound causing beta-cell death due to its ability to be taken up selectively by beta cells [27, 28] using the low affinity GLUT2 glucose transporter. (iii) The steric similarity of alloxan with the glucose molecule [15] enables alloxan to be transported into the beta cell through this specific low affinity glucose transporter. The GLUT2 glucose transporter substrate glucose protects against the toxicity of alloxan with a half maximal protective concentration in the range of the millimolar K m of this low affinity glucose transporter sub- type. Glucose protection is apparently the result of a competition between the glucose molecule and the alloxan molecule for the glucose transporter rather than due to a metabolic effect [29] . (iv) In insulin-producing cells not expressing the GLUT2 glucose transporter, cellular uptake of alloxan is very low [30] and toxicity to these cells is therefore not detectable in the MTT cytotoxicity assay, at least at concentrations up to 20 mmol/l as used in our study. This also shows that the high affinity GLUT1 glucose transporter, which is expressed in the RINm5F insulin-producing cells [31] , is not central for the transport of alloxan into the cell. (v) The toxic action of butylalloxan is also dependent upon uptake into the cell. But due to the lipophilic character of this derivative [12] , in contrast to the hydrophilic alloxan, it is apparently taken up into the cell also via the high affinity GLUT1 glucose transporter. Glucose protects against the toxicity of alloxan with a half maximal protective concentration in the range of the K m of the this high affinity glucose transporter subtype. Therefore, butylalloxan is toxic also to insulin-producing cells not expressing the GLUT2 glucose transporter. As virtually all cell types express the GLUT1 glucose transporter, it is not surprising that butylalloxan is acutely and systemically toxic rather than diabetogenic in rats [13] . (vi) The additional expression of the GLUT2 glucose transporter increased the toxicity of butylalloxan, because the additional presence of this low affinity glucose transporter isoform allowed additional uptake of the toxin into the cells. (vii) The importance of the GLUT2 transporter as the pathway for alloxan uptake into the cell is also supported by the observation that alloxan damages other cells which, like beta cells, express this transporter. These include hepatocytes and renal tubular cells [21] , and alloxan given to animals leads to diabetes and can cause liver and kidney damage [3] . (viii) Glucokinase, the low affinity glucose phosphorylating enzyme and glucose sensor of the pancreatic beta cell, which together with the GLUT2 transporter, is responsible for generating the signal for glucose-induced insulin secretion [32, 33, 34, 35] is not responsible for the beta-cell toxic action of alloxan. Nevertheless, inhibition of glucokinase [36, 37, 38] is responsible for selective inhibition of glucose-induced insulin secretion by alloxan [6] . (ix) Alloxan [10, 11] and lipophilic derivatives such as butylalloxan [12] are toxic because they generate toxic oxygen free radicals. These oxygen free radicals generated along a defined chain of events during rapid redox cycling between dialuric acid and alloxan [10, 11, 12, 39] cause necrosis of the beta cells [4, 8, 14] . (x) Alloxan and butylalloxan, at pH 7.4 and at 37°C, have a half life of only 1.5 min [10, 12] . Thus, under physiological conditions, more than 90% of the test compounds are decomposed within 5 min of incubation in physiological media. Since the decomposition products are not toxic to beta cells [6] , uptake of the compounds into the cell must be completed within 5 min to show its beta-cell toxic action. Though both alloxan and butylalloxan can reduce the rate of glucose uptake into the cells, this effect is negligibly small within the first 5 min of exposition exposure of the cells to the test compounds as shown in the glucose uptake experiments in this study. This effect, which could be due to an oxidation of SH groups in the glucose transporter protein, does not contribute to the diabetogenic effect of alloxan. The decrease of GLUT2 mediated glucose transport 1 h after alloxan exposure indicates that damage of beta-cell proteins results in a progressive deterioration of beta-cell function which ultimately leads to beta-cell death as a sum of oxidative events.
In conclusion, it is possible to explain the mechanism underlying the selective necrotic pancreatic beta-cell destruction in alloxan diabetes, one of the most popular models of chemically-induced insulin-dependent diabetes mellitus in animals. It is the selective uptake of the drug through the low affinity GLUT2 glucose transporter into the beta cell that leads to the destruction of the transporter protein through oxygen free radical mediated damage [40] . In chemical terms it is the steric similarity of the alloxan molecule to that of the glucose molecule [15] which confers preferential uptake of alloxan into the beta cell [27, 28] , while it is the generation of oxygen free radicals which is responsible for the selective necrosis of the beta cell. Subpopulations of insulin-producing cells with higher resistance towards toxicity of alloxan and streptozotocin, selected through repeated exposure to these toxins, showed decreased GLUT2 glucose transporter expression [41] . This corresponds with our results for alloxan and in other studies for streptozotocin [18, 42] . However, in such studies it is not possible to exclude other reasons for increased resistance against toxicity such as an improved antioxidative defence status [43, 44] . 43 . Mathews CE, Leiter EH (1999) Resistance of ALR/Lt islets to free radical-mediated diabetogenic stress is inherited as a dominant trait. 
